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Under the assumption that the current epoch of the Universe is not special, i.e. is not the final state of
a long history of processes in particle physics, the cosmological fate of SU(3)C × U(1)EM is investigated.
Spontaneous symmetry breaking ofU(1)EM at the temperature of the Universe today is carried out. The charged
scalar field φEM which breaks the symmetry is found to be ruled out for the charge of the electron, q = e.
Scalar fields with millicharges are viable and limits on their masses and charges are found to be q . 10−3e and
mφEM . 10
−5eV. Furthermore, it is possible that U(1)EM has already been broken at temperatures higher
than T = 2.7K given the nonzero limits on the mass of the photon. A photon mass of mγ = 10
−18eV, the
current upper limit, is found to require a spontaneous symmetry breaking scalar mass of mφEM ∼ 10
−13eV
with charge q = 10−6e, well within the allowed parameter space of the model. Finally, the cosmological fate
of the strong interaction is studied. SU(3)C is tested for complementarity in which the confinement phase of
QCD + colored scalars is equivalent to a spontaneously broken SU(3) gauge theory. If complementarity is not
applicable, SU(3)C has multiple symmetry breaking paths with various final symmetry structures. The stability
of the colored vacuum at finite temperature in this scenario is nonperturbative and a definitive statement on the
fate of SU(3)C is left open. Cosmological implications for the metastability of the vacua - electromagnetic,
color and electroweak - are discussed.
I. INTRODUCTION
Symmetries of Nature are deeply connected to particles and
their interactions. The fundamental symmetry structure of the
Universe has changed at least once over the past 13.8 × 109
years. The early Universe combined the weak and electromag-
netic interactions, a symmetry that was broken by the Higgs
field and is described by the Standard Model (SM) of particle
physics. The SM contains all currently known particles and
interactions, with the exception of neutrino masses, as well as
the spontaneous symmetry breaking (SSB) mechanism of the
Higgs field.
Grand unified theories (GUTs) unify the strong and elec-
troweak sectors of particle physics into larger symmetry
groups which are typically broken down to the SM by new
scalar fields at earlier times and higher temperatures [1]. They
are highly motivated by physics beyond the SM, notably dark
matter and quantum gravity, and if realized in Nature would
extend the symmetry breaking pattern of the past.
It may be of interest to study symmetry breaking in the fu-
ture. If the current age and temperature of the Universe are
not special with respect to symmetries, then as the previous
group structure of the Universe was broken at least once, so
may the current structure be broken one or more times. In this
case the fate of the Universe may be determined by studying
the possible symmetry breaking paths and the effects thereof.
The particle physics framework of the 2.7K Universe is the
gauge group structure SU(3)C × U(1)EM. The remarkable
success of both QED and QCD in predicting particle proper-
ties, decays and interactions gives compelling evidence that
these local symmetries hold today. At earlier times, i.e. at
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temperatures greater than T ∼ 100 GeV, electroweak sym-
metry breaking had not yet occurred and the larger group
structure of the SM, SU(3)C × SU(2)L × U(1)Y , held. The
hypothesis of spontaneous symmetry breaking of the SM via
the scalar Higgs field was confirmed in 2012 in a stunning
achievement of experimental collider physics [2, 3]. That dis-
covery, a proof of existence in a sense, allows for the ques-
tion of future SSB. For SSB to occur, new scalar fields with
color and/or electromagnetic charge are needed. The shape
of the the scalar potential must be such that the proposed
SU(3)C × U(1)EM vacuum is metastable. This work inves-
tigates whether the current group structure is truly the final
symmetry state of the Universe.
The cosmological fate of SU(3)C × U(1)EM may, under
highly specific conditions, affect the fate of the Universe.
If U(1)EM is spontaneously broken by an electromagneti-
cally charged scalar field, the cosmic microwave background
(CMB) photons gain mass. The photon mass, as shown in
Section III, is dependent upon the vacuum expectation value
(vev) of the scalar field,
mγ =
√
2qv, (1)
where q is the charge of the scalar field in units of electron
charge and v is the vev.
If the acceleration of the expansion of the Universe is
caused by a cosmological constant, Λ, this gain in mass (re-
gardless of the value of the vev) will have no effect on the fate
of the Universe under the usual assumption of a Friedmann-
Lemaître-Robertson-Walker (FLRW) Universe. In the ho-
mogenous, isotropic and flat FLRW Universe the total energy
density, having previously passed through phases of radiation
domination followed by matter domination, has recently en-
tered the cosmological constant dominated phase. During this
phase, nothing can overtake the effect of Λ’s energy density
on the expansion rate and the expansion will be eternal and
accelerated [4].
2However, if the acceleration is not caused by a cosmolog-
ical constant and instead dark energy evolves in the future in
such a way that its energy density parameter varies as the scale
factor ay(t) with y < −3, the CMB photons’ gain in mass
could be important. Radiation is the only currently known
type of energy density that evolves in the necessary way, as
a−4(t). If the dark energy were to be modeled by a scalar
field (or fields) which decays in the future to radiation then
the breaking of U(1)EM could affect the fate of the Universe
given a large enough value of mγ . The expansion rate could
slow down or even reverse.
The 2018 cosmological parameters from the Planck satel-
lite strongly favor a small positive cosmological constant to-
day [5]. There is currently no reason to believe the evolution
outlined abovewould occur, however, the cause of the acceler-
ation of the expansion is unknown and some kind of evolution
in time is plausible.
For the SSB potential considered in this work, the allowed
masses for an electromagnetically charged scalar field are
quite small and must be millicharged in order to be viable.
More complicated scalar potentials, e.g. composed of scalar
fields carrying both electromagnetic and color charge, or the
use of a non-SSB mechanism (e.g. radiative symmetry break-
ing [6]) could affect this conclusion. Previous studies of a
charged Higgs boson related to the SM Higgs at finite temper-
atures did not support a SSB, a fact relayed to the author after
submitting an earlier version of this work [7].
It would be interesting to allow for higher mass mil-
licharged fields as these are excellent dark matter candidates,
e.g. [8]. New experiments such as the Light Dark Matter Ex-
periment (LDMX) [9], MilliQuan [10], NA64 [11] and SHiP
[12] propose to detect ∼ 1 MeV to ∼ 10 GeV particles with
charges from 10−1e to 10−4e. Sub-MeV millicharged par-
ticle tabletop detectors are currently in development as well.
The millicharged particles discussed in this work are too light
for these direct detection experiments but they may be of in-
terest for next generation experiments. There is a possibility
of pushing to higher masses while retaining millicharges, dis-
cussed in Section III E.
II. STABILITY OF THE VACUA
The implicit assumption is that the electroweak vacuum
is stable and the SM Higgs vacuum expectation value of
246 GeV is the true vacuum. This may not be true. More
precise measurements of the Higgs coupling to the top quark
are needed to determine the stability of the electroweak vac-
uum, with consequences of metastability outlined in the 1980s
[13]. A state-of-the-art calculation [14] suggests that we are
in a metastable electroweak vacuum with a lifetime of
τ = 10561
+817
−270 years, (2)
with the given uncertainties due only to the top quark mass
(other SM parameter measurement uncertainties contribute
but the top quark mass dominates). This result may set-
tle into absolute stability or shorter lifetime metastability by
physics beyond the SM, including a theory of quantum grav-
ity [15, 16]. The necessary precision on the top quark mass
for a 3σ metastability confirmation is ∆mt < 250 MeV [17].
With the current uncertainty of the top quark mass from di-
rect measurements, mt = 173.21 ± 0.51 ± 0.71 GeV [18],
this question will likely not be answered with additional Large
Hadron Collider (LHC) Run II results. Uncertainties of less
than 200 MeV may be accessible when the high luminosity
(HL-LHC) upgrade is complete and the full dataset taken [19].
The stability of a QCD-QED vacuum is a separate question.
The vacuum metastability investigated in this case is due to
a colored scalar field or fields with a nonzero vev and/or an
electromagnetically charged scalar field with a nonzero vev.
The presence of a new scalar charged under SU(2)W×U(1)Y
- as any field with q 6= 0 must be - affects the shape of the
Higgs potential at high energies and therefore may have an
effect on electroweak vacuum stability.
If it were possible to rule out the existence of a new elec-
tromagnetically charged scalar field, the electroweak vacuum
stability question would remain dependent upon future preci-
sion measurements of the top quark mass as well as any new
physics effects. The sub-eV mass millicharged scalar fields
used in the model presented here would have very little effect
on the shape of the Higgs potential but with higher mass mil-
licharged scalar fields (discussed in Section III E) this could
change.
III. U(1)EM SPONTANEOUS SYMMETRY BREAKING
In order to break the U(1)EM gauge symmetry, an electro-
magnetically charged scalar field φEM is introduced (the sub-
script will be dropped for clarity). It is a color singlet with
charge q under U(1)EM and gives rise to a new scalar section
of the QED Lagrangian,
LQED ⊃ −1
4
FµνFµν +D
µφ∗Dµφ− V (φ), (3)
with covariant derivativeDν = ∂ν + iqAν and field transfor-
mations under U(1)EM
φ→ eiαφ, Aν → Aν − 1
e
∂να. (4)
The scalar potential is given by
V (φ) = −µ
2
2
|φ|2 + λ
4!
(φ∗φ)2 (5)
where the field φ gains a vev for the choice of mass param-
eter µ2 > 0. Labeling the minimum of the potential ve,
v2e ≡ 〈φ〉2 =
6µ2
λ
(6)
the Lagrangian is expanded about the minimum. The complex
scalar field may be written as φ = ve+
1√
2
(φ1+ iφ2) to yield
V (φ) = − 3
2λ
µ4 + µ2φ21 + O(φ
3
i ) (7)
3One of the scalar fields gains mass mφ = µ and the other
is the massless pseudo-Goldstone boson which provides the
longitudinal polarization of the now massive photon.
The photon gains its mass via the kinetic energy term ofL ,
m2A = 2q
2v2e . (8)
A. Electromagnetic scalar potential in the 2.7K Universe
In order to study the effects of new scalar fields in the cur-
rent epoch, we calculate the scalar potential at the tempera-
ture of the cosmic background radiation today. Computing
V (φ, T ) for T ≈ 10−4 eV gives an estimate of the effects in
terms of relationships between the parameters of the model.
It is important to note that the finite temperature field the-
ory equations assume both equilibrium conditions and homo-
geneity of the medium. To accommodate the non-equilibrium
conditions - the CMB has a thermal distribution but is not in
equilibrium due to the expansion of the Universe - a time slice
at T = 2.7 K is used. Equilibrium is assumed for this mo-
ment in time. The assumption of homogeneity in the Uni-
verse is length scale dependent. On the largest length scales
both homogeneity and isotropy appear to hold. This work is
concerned with such cosmological scales.
Closely following the treatment of Quirós 1999 [20] and
Coleman and Weinberg 1973 [6], the finite temperature po-
tential in terms of the constant background field φe is given
by
V (φe, T ) = V0(φe) + V1(φe, 0) + V1T (φe, T ) , (9)
where the first term is the zero temperature classical poten-
tial as in (5), the second term is the zero temperature Coleman-
Weinberg correction to one-loop order and the final term is the
finite temperature contribution, also calculated to one-loop.
Both zero temperature and finite temperature loop calcula-
tions include contributions from all relevant particles coupled
to the scalar field. The gauge boson of the U(1)EM gauge
group, the fermions charged under it, and the scalar field itself
all may run in the loop. Fermions will not be relevant for the
temperatures and densities considered here due to the baryon-
to-photon ratio data as given by Big Bang Nucleosynthesis
(BBN) [21]
5.8× 10−10 ≤ nb/nγ ≤ 6.6× 10−10(95%CL), (10)
however photons and φ both contribute to the effective poten-
tial.
The 1-loopT = 0 contributions are given, usingMS renor-
malization counter terms with a cut-off regularization and the
assumption that the minimum and the scalar mass do not
change with respect to their tree level values, that is
d(V1 + V
c.t.
1 )
dφe
∣∣∣∣
φe=ve
= 0
d2(V1 + V
c.t.
1 )
d(φe)2
∣∣∣∣
φe=ve
= 0,
(11)
to be
V1(φe) =
1
64pi2
∑
i
ni{m4i (φe)(log
m2i (φe)
m2i (ve)
− 3
2
) +
2m2i (ve)m
2
i (φe)}.
(12)
Here i = γ, φ and ni the degrees of freedom with nγ = 3
for the newly massive photon and nφ = 1 for the scalar field.
The contributions to the thermal effective potential to 1-
loop order are given by
V1T =
∑
i
ni
2pi2β4
∫ ∞
0
dx x2 log
(
1−e−
√
x2+β2m2
i
(φe)
)
.(13)
The high temperature expansion cannot be used in the case
of the T = 2.7K Universe and an analytic solution to the
temperature dependent integral does not exist. However, a
numerical solution is possible under the conditions outlined
in the following subsection.
B. Spontaneous symmetry breaking conditions
Any future spontaneous symmetry breaking will depend
upon the sign of the quadratic coefficient in the effective po-
tential, d
2V
dφ2e
evaluated at φe = 0. Two constraints must be
satisfied. First, that there has been no SSB until today. This
stability condition becomes
d2V
dφ2e
∣∣∣∣
φe=0, T≥2.7K
≥ 0. (14)
Second, that a SSB may occur in the future, and let us take the
furthest future possible in temperature, i.e. T = 0,
d2V
dφ2e
∣∣∣∣
φe=0,T=0
< 0. (15)
When this second derivative is negative for temperatures
T < 2.7K , with the additional requirement that λ > 0, SSB
will occur. Setting these constraints on V (φe, T ) allows for a
numerical evaluation of the integrals for any value of µ2 and
λ, as the derivatives may be taken prior to integration. The
equation to be constrained is
d2V
dφ2e
=−µ2+3q
4µ2
2pi2λ
− λµ
2
64pi2
+
q2T 2
2
+λT 2f
(
µ2
T 2
)
(16)
where the function f is the second derivative of the thermal
bosonic function in [20], evaluated for the scalar boson at φe=
0 with the quadratic temperature dependence and the quartic
coupling factored out. It is given by
f
(
µ2
T 2
)
=
1
2pi2
∫ ∞
0
dx
x2 e−
√
x2− µ2
T2(
1− e−
√
x2− µ2
T2
)√
x2 − µ2
T 2
. (17)
4C. Charge q
e
= 1 Scalar Fields
For a charge equal to the electron charge, satisfying both
SSB conditions with 0< λ< 4pi requires the allowed masses
of φ to be too light, much less than the mass of the elec-
tron. Such particles would have been produced, for example,
at the Large Electron-Positron Collider (LEP) in great quan-
tities and they were not detected, thus ruling out a SSB for
U(1)EM with a q = e field. More concretely, the light masses
found here are neatly excluded by the SLAC Anomalous Sin-
gle Photon (SLAC ASP) search which ruled out q > 0.08e for
mMCP . 10 GeV, a result holding for any weakly interacting
millicharged particle [22].
The stability constraint is satisfied for any µ2 < 0 and any
charge q as well as for µ2 > 0 with ranges of allowed q and λ,
so a heavier electrically charged scalar field with the tree level
potential in (5) is possible in Nature. However such a scalar
could not be the source of spontaneous symmetry breaking for
U(1)EM and could not give the photon a mass.
D. Millicharged (Minicharged) Scalar Fields
Millicharged scalar fields can spontaneously break
U(1)EM. Millicharge describes any charge less than that of
the electron (i.e. not exclusively 10−3e), although it may also
mean any charge less than that of the down quark, q < 13e.
The more accurate (but less used) term is minicharged
particles.
The key to a SSB in the finite temperature Universe in this
case is to choose parameters that yield an unstable potential at
T = 0 which gives a SSB in the future and is easily accom-
plished. The first term in Eqn. (16) is negative and dominates
the other terms even with a q = e choice for the charge. There
are no constraints on the mass in this case, as stated in the
previous section.
Next, turn on the finite temperature loop contributions and
find parameter ranges that create an overall positive coefficient
for the φ2 terms. The finite temperature pieces are small. The
first term arises from the photon running in the loop of the
background scalar field. With T = 2.7K or ≈ 10−4 eV and
a millicharge even as large as q = 10−2e it is of order 10−12.
The next term is the scalar boson running in the loop and is
bounded by . 10−8 eV for the ranges of masses and charges
tested here. The constraint equation becomes
∣∣∣∣−µ2 + 3q
4µ2
2pi2λ
− λµ
2
64pi2
∣∣∣∣ . 10−n (18)
where 10−n is defined to be the size of the finite tempera-
ture terms. The term inside of the absolute value is nega-
tive, its magnitude must be less than that of the positive fi-
nite temperature terms. For λ = 1 and q = 10−3e, this gives
mφEM . 10
−5 eV with a finite temperature term of order
10−8. Smaller masses and smaller charges are also viable.
Upon inspection of Eqn. 16 it appears that small enough
values of the quartic coupling λ could open up a larger param-
eter space but in fact this is not so. A very small λ, λ≪ 1, can
force a positive overall φ2 coefficient. The condition λ < 3q
2
2pi2
forces a stable scalar potential. For q = 10−3e, λ < 10−12
satisfies this with no constraint on the mass of the scalar. On
the other hand, the now 2 conditions λ > 3q
4
2pi2 and
∣∣∣∣µ2
(
3q4
2pi2λ
− 1
)∣∣∣∣ > q
2T 2
2
(19)
force a metastable scalar potential. For the previously con-
sidered q ∼ 10−3e and mφEM ∼ 10−5 eV, λ ∼ 10−13 ac-
complishes the task. The problem is managing a transition
between these two states, either by varying λ with tempera-
ture/time or by some other means. It does not seem possible
to do this.
Astrophysical bounds on millicharged particles from stellar
cooling constraints set limits on m . keV masses requiring
charges q . 10−15e [23]. The very light masses consid-
ered here allow for charges within these upper bounds. For
q = 10−15e, λ = 1, the necessary mass is of the order
mφEM ∼ 10−5 eV. The final term in Eqn. 16 is independent
of the coupling q, thus the scalar mass does not change much
from the previous value.
E. U(1)EM Breaking in the T > 2.7K Universe
It may be that the U(1)EM has already been broken by a
millicharged scalar field. The accepted 2018 limits on the
mass of the photon,mγ . 10
−18eV, come from magnetohy-
drodynamic studies of the solar wind [21]. Tighter limits are
given by studies of the galactic magnetic field but depend crit-
ically on assumptions that may not hold, e.g. the applicability
of the virial theorem. However, for the sake of completeness,
the tightest limits ofmγ . 10
−27eV are also discussed here.
The accepted limit of mγ = 10
−18eV requires a mass for
the millicharged field ofmφEM = 3 × 10−13 eV for a charge
of q = 10−6e and λ = 1, well within the bounds found here.
For q = 10−3e and q = 10−9e, the necessary masses aremφ
of 10−16 eV and 10−10 eV respectively.
The smaller mγ . 10
−27eV upper bound on the mass of
the photon requiresmφ = 3×10−22 with the same charge and
quartic coupling value, also within the limits of the model.
Recent work [24] suggests that determining whether the
StandardModel photon is exactly massless or not is of interest
to light mass dark photon model builders as a strict mγ = 0
rules out some of this model parameter space.
In order to accomplish this, it must be that they gain mass
via the Stückelberg mechanism ([25] and references within)
and not a Higgs mechanism. The SSB mechanism here is able
to give photons a mass without putting any restrictions on light
dark photon models.
IV. SU(3)C SYMMETRY BREAKING -
COMPLEMENTARITY
Breaking the symmetry of QCD is not straightforward. The
strong coupling αs is nonperturbative at 2.7 K. The effects
5of SSB in the 2.7 K Universe require finite temperature field
theory calculations. Lattice QCD is needed to calculate the
nonperturbative corrections to the effective potential of a new
color charged scalar field, φac , at temperatures below ΛQCD.
Complementarity between the confined phase of QCD +
φac and the broken symmetry phase of SU(3)C may be able to
eliminate the need for a SSB to investigate the fate of SU(3)C .
A test for the applicability of complementarity has been pro-
posed by Georgi [26]. According to that work, the structure
of the heavy stable particles of the confined phase must match
that of the broken symmetry phase in order for complemen-
tarity to hold.
In order to make use of complementarity, however, a
continuously varying parameter must take the confined phase
of QCD + a colored scalar field to the spontaneously broken
SU(3)C . The mass parameter of a colored scalar field (or
fields) is a natural choice as it mirrors the process of U(1)EM.
The finite temperature effective potential calculations for
colored scalars require the use of lattice QCD. There is a
possibility of 3 colored scalar fields being able to manage
the transition [H. Georgi, personal communication] but the
nonperturbative calculations are far beyond the scope of this
work. It may be of interest to note that 3 colored scalar fields
are 1 more than is necessary for a SSB of SU(3)C down to
no gauge structure at all.
V. SU(3)C SYMMETRY BREAKING - SSB
With the applicability of complementarity unclear, the pos-
sibility of a carrying out a symmetry breaking of SU(3)C re-
mains. Both the adjoint and fundamental representations of
SU(3)C are a priori viable as the masses of the gluons are un-
constrained in the future. When restricting to SSB, at least 1
colored scalar field in the fundamental representation is added
to the theory of QCD and multiple final states of gauge sym-
metries are possible. For SSB of SU(3)C to end with no local
symmetries, 2 new colored scalar fields are needed. The other
possible final symmetry states, a gauged SU(2) or U(1), are
realized with one new colored scalar field. An example of a
final SU(2) symmetry state is sketched out next.
For SU(3)C to be spontaneously broken to an SU(2), a
colored scalar triplet, φac is proposed. This new Higgs field
has a (3, 0) assignment underSU(3)C×U(1)EM and removes
one rank from the strong force gauge group, leaving the struc-
ture SU(2)BC×U(1)EM. Here BC stands for "broken color."
The minimal effective potential at tree level is
V0(φc) = −m2cφ†cφc + λc|φ†cφc|2. (20)
with color indices suppressed.
On purely dimensional analysis grounds it may be argued
that any contribution to d
2V
dφ2c
from nonperturbative corrections
would be of the order Λ2QCD. In order for SSB to occur, it
must be that the quantity
d2V (φc)
dφ2c
∣∣∣∣
φc=0
= −m2c + Λ2QCD + fc
(
m2c
T 2
)
(21)
transitions from a positive number to a negative number. The
finite temperature pieces fc
(
m2c
T 2
)
are suppressed by the light-
est QCD particles, the ∼ 100 MeV pions. This implies that
m2c and Λ
2
QCD are very nearly the same, i.e. the mass of the
colored scalar particle would be on the order of hundreds of
MeV. Colored scalars in this mass range could bind strongly
to single quarks, forming a pion-like system of spin 12 rather
than spin 0. Such mesons would have been detected long ago.
In particular, for e+e− colliders, the R ratio of the hadronic
cross section to the muonic cross section
R =
σ(0) (e+e− → hadrons )
σ(0) (e+e− → µ+µ−) (22)
has been extremely well measured [27] and colored scalars of
this mass range are ruled out.
A precise calculation is needed for a definitive statement.
As mentioned previously, the effects of new colored scalars
are highly nontrivial and are not explored further here.
VI. CONCLUSIONS
The cosmological fate of the electromagnetic and strong in-
teractions have been investigated under the assumption that
we currently live in an intermediate rather than final stage of
the symmetries, charges and interactions of particle physics.
It is found that U(1)EM will remain an infinite range inter-
action forever for the case of a scalar field with the charge of
the electron which is a singlet under SU(3)C .
The more interesting case of a millicharged scalar field, still
a singlet under SU(3)C , is viable within a specific range of
masses andmillicharges. It is capable of spontaneously break-
ing the symmetry of U(1)EM and may also be a dark matter
candidate [28]. This scenario gives a mass to the photonwhich
is light enough that it would not change the cosmological ex-
pansion rate H(z) for z < 0 and would likely not affect the
fate of the Universe.
U(1)EM may already have been spontaneously broken by a
scalar of massmφEM . 10
−13 eV for a photon mass equal to
the current upper bound of mγ ∼ 10−18 eV and a charge
of q = 10−6e. If the astrophysical limits from the galac-
tic magnetic field studies on mγ hold, this upper bound be-
comes mγ ∼ 10−27 and the mass of the millicharged field
mφEM . 10
−22 again for microcharges q = 10−6e. The
higher temperatures of the earlier Universe appear to lift the
low mass constraint onmφ and this will be explored in a fol-
lowup paper [28]. This would push φEM into the realm of
detection with the dark matter experiments discussed in Sec-
tion I.
The fate of SU(3)C is likely to remain unbroken but is as
yet unknown.
If it emerges that U(1)EM was broken at higher temper-
atures in the early Universe or will be broken in the future,
there may be some aesthetic appeal to either breaking the
one remaining symmetry of SU(3)C or forbidding it from
being broken. Should this be the case, future work would
6include testing Georgi’s complementarity principle in earnest
with collaborators in the QCD community. The successful
implementation of complementarity along with a broken
U(1)EM would yield a final state of the Universe with no
local symmetries at all, satisfying an evolution from early
Universe higher symmetry structures to none at all at late
times.
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